In order to apply the LM device previously developed to precisely measuring small motion trajectories located on the different motion planes, three major improvements are successfully performed under the condition of completely maintaining the advantages of the device. These improvements include 1) development of a novel connection mechanism to smoothly attach the device to the spindle of a machining centre; 2) employment of a new data sampling method to achieve a high sampling frequency independent of the operating system of the control computer; and 3) proposal of a set-up method to conveniently install the device on the test machining centre with respect to different motion planes. Practical measurement experiment results with the improved device on a machining centre sufficiently demonstrate the effectiveness of the improvements and confirm several features including a very good response to small displacement close to the resolution of the device, high precision, repeatability and reliance. Moreover, based on the measurement results for a number of trajectories for a wide range of motion conditions, the error characteristics of small size motions are systematically discussed and the effect of the movement size and feed rate on the motion accuracy is verified for the machining centre tested.
Introduction
In recent years, with the advances of CNC machining technologies, especially in die manufacturing, more and more attention has been attracted from researchers and engineers on how to precisely detect and correctly evaluate the motion accuracy of Machining Centres (MCs) within a small area [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Several specific measuring devices have been developed for this purpose. For example, Kwon and Burdekin [1, 2] developed a measuring device, which consists of a precision cube and two displacement sensors, to detect and evaluate the motion trajectories of both circular and linear interpolation motion within a small range for a MC. Kakino et al. [3] applied a cross grid encoder to measure small motion trajectories with a precision MC. Schmitz and Ziegert [4] produced an instrument combining three laser ball bars to evaluate the spatial CNC contouring accuracy within a relatively small area although the instrument needs a large installation space. Lee et al. [9] presented a measurement system, which included a fixture to mount multiple sensors and a target as the detecting object, to measure geometric errors of a miniaturized machine tool and further attempted to compensate these errors through a software-based method. Kono et al. [10] developed a device combining an optical flat and a laser displacement sensor to measure the geometric errors, associated with the feedback signal utilization of the servo axis from the control apparatus, and then successfully compensated the time-dependent components of these errors for a high-precision machine tool. However, problems exist to some extent in the practical applications of these devices, for example, the expensive price, the complex and time-consuming set-up process of the device on a machine tool, the orientation limitation to the motion planes or motion direction to be measured, and the limited application to specific objects. Nowadays, the most popular devices for detecting and evaluating MC motion accuracy are the double ball bar (DBB) [11] and the cross grid encoder whose commercial product is called as KGB [12] . Based on the principle and structure, a traditional DBB is unsuitable for measuring the motion trajectories within a small area. As an expensive device, the KGB can test a general motion trajectory located on a plane perpendicular to the MC spindle with a fairly high accuracy [13] ; however, for a motion trajectory located on other planes, the operation to set up the device on a tested MC is not only difficult and time-consuming but also requires some specific apparatus and jig to ensure the alignment precision between the optical head and encoder [14] . Therefore, the problem of precisely assessing the accuracy in a small size motion has not yet been satisfactorily resolved, and there have been few publications of systematic research on the error characteristics and causes of the trajectory in small size MC motions.
The authors have successfully developed a device called the LM device, with a basic structure consisting of a double-bar linkage mechanism and two laser rotary encoders, for measuring motion accuracy of a MC with a vertical spindle previously [15, 16] . The device is applicable to measuring the trajectory of a general planar motion located on a plane perpendicular to the MC spindle. The device has a simple and compact structure and yet provides a large working range with a high resolution. The cost to produce the device is fairly low. Both the installation process on the MC and the measurement operation are simple and convenient in practical applications. The LM device is able to measure small size motion trajectories of the MC; however, based on the mechanical structure feature and data acquisition method, some limitations in measuring performance exist to trajectories in a small area, especially when the motion is fed at a high speed. This paper presents further developments and improvements for applying the LM device to precisely measuring small size motion trajectories located on different planes. Moreover, as a practical application of the device, a case study, in which the accuracy of a small size motion is detected and evaluated for the MC texted, has been performed. Section 2 describes the improvements performed, including an original connection mechanism, a new data sampling method and a set-up method to install the device on the MC with respect to different motion planes. Section 3 presents and discusses in detail the experiment results with the improved device for the measurement of small size circular and linear interpolation motion trajectories which are located on the X-Y, Y-Z and X-Z planes of the MC respectively. The experiment results sufficiently demonstrate the effectiveness of the improvements. At the same time, based on the measurement results for a number of motion trajectories performed under a wide range of motion conditions, the error characteristics and related causes are verified for the small size motion with the MC. Section 4 draws conclusions on the work presented. Figure 1 shows a schematic diagram of the LM device consisting of a double-bar linkage and two laser rotary encoders which are set at the root end on Link 1 and Link 2 to detect the rotation angles of the links. The device base is fixed on the table of the MC with a vertical spindle. The tip of Link 2 is attached to the spindle with a connection mechanism. The rotation planes of both links are parallel to each other and perpendicular to the rotation axis of the spindle.
Improvements of Measurement Device
Before starting the measurement, a measuring coordinate frame can be set up through a simple operation [15] . The X, Y and Z axes are parallel to those of the MC respectively, and the Z axis coincides with the rotation axis on the root side of Link 1. Therefore, in the coordinate frame, the coordinates (X, Y, Z) of a measured point, which is defined as the intersection point between the spindle rotation axis and the X-Y plane, is given by the following equation: Copyright © 2012 SciRes. MME
where L 1 and L 2 are the link lengths, which is 100 mm in the LM device, and  1 is the rotation angle of Link 1 relative to the positive direction of the X axis and  2 is the rotation angle of Link 2 relative to Link 1. The resolution for both  1 and  2 is 1 second due to the used laser rotary encoders, Canon K-1, and interpolators, Canon IU-16. The entire working range of the LM device is located on the X-Y plane and has a disc shape around the origin O whose inner radius is 10 mm and outer radius is 190 mm. The LM device has the position resolution of less than 0.5 m at the radial direction and less than 1 m at the argument direction for any measured point within the working range [15] .
In order to precisely measure the motion trajectory in a small area with a high feed rate, three major improvements have been performed on the previous device. One is to develop a novel connection mechanism attaching the tip of Link 2 to the MC spindle. The other is to employ a new data acquisition method. The third is to design a simple set-up jig that enables the device to measure trajectories located on different motion planes.
The New Connection Mechanism
In the previous device, a conventional coupler was used to connect the tip of Link 2 and the MC spindle to be measured. Some potential errors such as the flatness error on the table surface of the MC or the assembly errors of the device itself may lead to the movement of the tip of Link 2 along the Z direction in the measurement. Such movement is forcedly absorbed by the coupler and hardly affects the measuring results for a trajectory in a large size motion or in a small size motion but with a low feed rate. However, the movement may have some negative effect on the rotation of links and result in undesired errors in the measuring results for a small size motion with a high feed rate.
In order to solve this problem, a novel connection mechanism as shown in Figure 2 has been developed. A precision steel ball is fixed at the tip of a stroke ball bearing pin and the stroke bearing is assembled on Link 2. The clearance of the stroke bearing is carefully adjusted at 0 by the manufacture. The pin can freely rotate around the axis and slide along the axial direction. A stopping ring mounted at the bottom of the pin limits the sliding displacement within 3 mm. A connecting bar, at whose tip a magnet piece is fixed, is attached to the MC spindle. During the measurement, the ball is connected to the magnet piece via a supporter consisting of three small precision balls. Because the magnetic force in the connection is considerably larger than the friction in the stroke bearing, no relative sliding happens between the steel ball and the supporting balls in the measurement. By applying the mechanism, not only a very small relative displacement between the device and the spindle can be smoothly achieved but also the influence of the movement of Link 2 tip along the Z direction can be naturally absorbed. Furthermore, the set-up operation of the improved device on the MC becomes simpler and easier than the previous device.
The Data Sampling Method
The software of the previous device was constructed on the MS-DOS platform. The sampling command was sent one by one from a personal computer to the counter board at each sampling time. With this method, it is very difficult to ensure a sampling period in the s order under the WINDOWS environment. As an effective solution to this problem, a high-speed counter board, Contec CNT32-8M (PCI), is employed in the improved device. Through the utilization of a sampling function based on the board's clock, a sampling period of 50 s, which is independent of the operating system of the personal computer, is achieved.
The Set-Up Method of the LM Device on the MC to Measure Trajectories Located on Different Motion Planes
As explained above, the LM device was developed for measuring the motion trajectory on a parallel plane to the standard surface of the device, i.e. the table surface of the MC to be tested. To detect trajectories on other motion planes, for example, a vertical plane for a MC with vertical spindle, a suitable standard to set-up the device on the MC is necessary. For this purpose, a simple jig is designed, as shown in Figure 3 . The jig consists of two main parts: a rectangular part with a right angle and a block with good parallelism between the upper face and bottom face. The rectangular part is placed on the upper face of the block to provide a standard surface to set the device. Thus, once the device is fixed on the setting plane of the rectangular part, the rotation planes of Link 1 and Link 2, and then the motion plane, where a trajectory to be measured is located on, are restricted to be parallel to the setting plane. Moreover, in order to prevent the collision between the device and spindle in the measurement, the connection mechanism is attached to the spindle through an inclined bar fixed on the spindle. It should be noticed that strict parallelism accuracy between the setting plane and motion plane is not required because of the feature of the connection mechanism, i.e. if a small parallelism error exists, the effect is smoothly absorbed by the mechanism. From the results of the measurement experiments, it has been verified with the improved device that limiting the parallelism precision within 50 m/100 mm is sufficient to ensure the measuring accuracy of motion trajectory in practical applications.
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In addition, if a part available to freely adjust the angle of the setting plane is built in the jig instead of the rectangular part, the motion trajectory on a general plane can be readily measured by the LM device. In such situation, based on the same reason presented above, a strict setting accuracy for the setting plane relative to the motion plane is not required.
Results and Discussions of Measurement Experiments
In order to verify the effectiveness of the improvements, measurements of small size motion trajectories are performed on the MC with the improved LM device under a wide range of motion conditions. Furthermore, in order to examine the reliability of the measured results, following the ISO standard, ISO 230-1:1996 [17] , the measured trajectories are compared with the profile of the work pieces machined under the same motion conditions. Based on the measured results of the motion trajectories, the error characteristics of small size motions are discussed and their causes verified with the tested MC. Because a cutter path for machining a complex contour is usually generated through an interpolation operation of circular arcs or linear segments in industrial practices, the trajectories to be measured are restricted to a circular or linear interpolation motion in this research.
A vertical-spindle MC with a control system of semiclosed loop, Wasino WMC-4, is tested. The movable range of the MC is 900 mm in the X direction, 450 mm in the Y direction and 510 mm in the Z direction, respectively. The NC system is FANUC Series 0-MC, the number of simultaneously controllable axis is 2.5 and the minimum input increment is 1 m. The basic structure of the MC consists of a Z axis column and a XY table with a hydraulic slideway, where the X table is ridden on the Y table. The maximum feed rate of cutting is 5000 mm/min. In the experiments, the origin of the measuring coordinate frame is set at the central position of the movable range of the MC.
Circular Motion Trajectories on the X-Y Plane
The experiment conditions are presented in Table 1 . The centre of circular motions to be measured is set at point (100, 0) in the measuring coordinate frame as shown in Figure 4 . For every condition, the trajectories with respect to a single revolution and to three consecutive revolutions in both clockwise (CW) and counter clockwise (CCW) directions are measured and recorded, respectively. The number of measured points along a full circle trajectory is 800 ~ 2000. The trajectory errors are illustrated in the form of roundness deviation calculated by the least squares criterion in the following if no notation is given. Figure 5 shows the measured results for the circular motion with a radius of 1 mm and feed rate of 1000 mm/min, where the trajectory in (a) corresponds to the single revolution motion, the trajectory in (c) is for the three consecutive revolutions motion and (b) shows the part of the two central revolutions extracted from (c).
The arrows indicate the feed direction. As shown in the figure, within a transient process of the feed motion state from stop to stable or vice versa, the radius changes due to the actual feed speed, i.e. the lower the actual feed speed is, the larger the radius value is. While the trajectories in the two central revolutions, i.e. corresponding to the stable state of the feed motion, coincide well with each other. Furthermore, if both trajectory parts of the first and last half circle in (c) are connected, the curve shape perfectly agrees with that of the trajectory in (a). The same trend is also observed from the measured results for other motion conditions. Therefore, it can be concluded that the measured results with the improved LM device not only offer a good accuracy but also a good repeatability. Figure 6 shows the results of three consecutive revolutions with a radius of 2 mm. Similar to those shown in Figure 5 , the trajectories of the two central revolutions demonstrate good stability. The faster the specified feed rate is, the larger the radius change is so that the roundness deviation of the entire trajectory becomes more remarkable. By numerically differentiating the trajectory data with respect to the sampling time used in the measurement, the X and Y components of the actual feed speed can be estimated [18] . Figure 7 illustrates the feed speed components obtained from the trajectories in the CW direction in Figure 6 . With the increase of the specified feed rate, the actual feed speed becomes less than the specified and the actual motion time becomes somewhat longer than the normal time, especially, in the areas close to the start and end points. As a result, the least square radius of circular motion, R m , calculated from the trajectory of two central revolutions, decreases as the specified feed rate increases. As well known, the delay elements in the driving system of the MC results in the decrease in the radius of the circular motion [19] . Figure 8 shows the results of three consecutive revolutions motion with a radius of 0.02 mm. There are some undulations looking like saw-teeth with a height of about 1 m in these trajectories. The phenomenon is caused by the measuring resolution of the device. It is also observed that the start point does not coincide with the end point in position. This can be attributed to the effect of the backlash in the driving system of the MC. Comparing Figure  8 with Figure 6 , a similar trend can be observed, i.e. the roundness deviation of trajectory goes up with the increase of the feed rate, as well as other measuring conditions. However, since the motion size itself is very small in this situation, the curve of roundness deviation looks like a lozenge rather than a circle even at a comparatively low feed. Figure 9 illustrates the motion trajectory directly measured corresponding to a feed rate of 20 mm/min. Except for an area near the start or end point, the trajectory almost becomes a regular square. Figure  10 shows the estimated feed speed components from the trajectory data in the CW direction in Figure 8 . These results demonstrate that with the increase of the specified feed rate, the movement between the X and Y axes goes ut of the circular interpolation rule gradually, at the end, o the movements of both axes are entirely separated into the independent movement of each axis and individually performed in turn. Actually, the MC table itself fails in motion when a higher feed rate such as 50 mm/min is specified, as shown in Figure 11 . In this situation, the Y axis of the MC seems to hardly move. The uncompleted motion of the table is also observed in other circular motions with a radius of less than 0.1 mm if the specified feed rate exceeded a corresponding critical value, as summarized in Table 1 . So far, there has been no publication reporting this phenomenon which may be caused by the lack of the servo capability with the MC drive system due to an excessive feed rate with respect to the motion size.
Linear Interpolation Motion Trajectories on the X-Y Plane
The experiment conditions are shown in Table 2 . The centre of linear interpolation motion is set at point (100, 0) in the measuring coordinate frame and the trajectory is illustrated in Figure 4 . In the NC program to drive the MC table, no dwell action is specified at the connection between two linear segments. Under each condition, the trajectories of three consecutive loops in both the CW and CCW directions are measured and recorded. The Copyright © 2012 SciRes. MME number of measured points along a full square trajectory is 1000 -2000. In the following discussions, the measured results are directly illustrated in a form of trajectory but the origin is replaced at point (100, 0). Figure 12 illustrates the results of the motions with a side length of 1 mm. With the increase of feed rate, the corner shape shifts from a right-angle to an arc and the length of the side becomes shorter than the specified value. Figure 13 illustrates the estimated feed speed components from the trajectory data in the CW direction. As the specified feed rate increases, the actual feed speed becomes less than the specified and the curves of the X and components shift from an ideal form of rectangles which just half overlap each other to a triangular form. The phenomenon is caused by the NC acceleration/deceleration motion around a point connecting two linear segments as pointed out by Shih et al. [20] in their theoretic analysis.
Y Figure 14 illustrates the results of the motion with a side length of 0.04 mm. In the figure, not only the similar trend to Figure 12 but also a significant change of the side direction in trajectory, i.e. the inclination of a side drifts from 45˚ to 0˚ relative to the coordinate axes of the MC, can be observed. This means that the movement between the X and Y axes is almost entirely separated from the linear interpolation rule and individually Copyright © 2012 SciRes. MME performed in turn, just the same as the situation of the circular motion in Figure 8 . In addition to the results obtained from other motion conditions, the results of the feed speed obtained by a numerical differentiation operation also give a good support to this conclusion. As stated previously, there has been no report on such motion trajectory errors and Shih's theory [20] cannot provide an appropriate interpretation of such phenomenon. If a higher feed rate such as 100 mm/min is specified, the table of the MC itself fails in the motion. Actually, as shown in Table 2 , the uncompleted motion of the MC table is observed due to some linear interpolation motion with a side length of less than 0.1 mm.
Motion Trajectories Located on Vertical Planes
The motion to be detected is limited to the X-Z and Y-Z planes due to the capability of the MC. The experiment conditions are shown in Table 3 and the motion trajectories in Figure 15 . Under each condition, both circular and linear interpolation motions are tested, and the trajectory is located at four positions on each plane and measured in both CW and CCW directions for three consecutive rotations. No dwell action is specified between every two linear segments in the NC program. The number of measured points along a full rotation trajectory is 1500. The trajectories shown below are tested in Posture I of the device linkage as defined in Figure 15 if no notation is given. Figure 18 illustrates the estimated components of the feed speed from the trajectory data in the CCW direction in Figure 16 . By comparing these results with those of the X-Y plane presented above, it can be observed that the trajectories have similar features although they are positioned on different planes. That is, with the increase of the specified feed rate, the radius of circular motion or the side length of linear interpolation decreases, the actual feed speed components become less than the specified. As a result, the movement between the two driving axes tends to lose the interpolation rule. The phenomenon is also confirmed from the results corresponding to other positions and motion conditions. Figure 15 . The gravity distribution of the linkage is rather different between Posture I and Posture II, as shown in Figure 15 . For this reason, the influence of the posture change on the measurement should be reflected in the measurement results due to either Posture I or Posture II, for example, in a form of the differences in the radius value and curve shape. Figure 20 provides a comparison between Posture I and Posture II. Both trajectories at the same position and feed rate from Posture I and Posture II agree well with each other for the radius and shape. For other conditions of circular motions as well as linear interpolation motions, similar results are also confirmed. This demonstrates that the gravity distribution difference from the posture change of the device linkages has almost no effect on the measurement results. Therefore, the differences among the motion trajectories due to different positions in Figure 19 can be attributed to the motion errors of the MC itself [19] , and thus it can be concluded that the measured results by the improved device are sufficiently reliable even for trajectories located on vertical motion planes.
Comparison of the Motion Trajectories with Profiles of Machined Workpiece
As a further verification of the reliability of the measured results, following the ISO standard [17] , a comparison of the motion trajectory with the profile of the machined workpiece is carried out. The machined features of the workpiece are a circular shaft with a diameter of 7 mm and a rectangular hole consisting of four straight sides of 5 mm and four round corners with a radius of 1.5 mm. During the machining, the workpiece is fixed on the MC spindle which does not rotate and an independently driven high-speed spindle is horizontally set on the MC table, as shown in Figure 21 . Through feeding the table, the cutter, a square end mill with a diameter of 3 mm, performs the feature cutting. The feed motion trajectories of the cutter are a circular motion with a radius of 5 mm for the circular shaft and a rectangular motion with a side length of 5 mm for the rectangular hole, respectively. In machining each feature, the cutter is fed for two full revolutions. The cutting conditions are summarized in Table 4 . The circular shaft profiles are measured by a roundness measuring machine, Mitsutoyo RA-400, whose probe has a sphere stylus of 1.6 mm diameter, in non-filtering mode. The rectangular hole profiles are measured by a coordinate measuring machine, Mitsutoyo BHN506, to which a probe of sphere stylus with a diameter of 2 mm is attached. The number of measured points along a full contour is 1800. The motion trajectories with respect to three consecutive revolutions are measured and the number of measured points along a full revolution is 3000 for both circular and rectangular motions. Figure 22 illustrates a comparison between the roundness of the circular shaft and the circular motion trajectory located on the Y-Z plane. Because of the influence of the radius of the cutter and probe stylus, the step noncontinuity of the roundness in the shaft profiles looks slightly smaller than that of the motion trajectories. Except for this difference, the two results match each other very well. Figure 23 illustrates a comparison of the profile of the rectangular hole with the rectangular motion trajectory located on the X-Z plane. As the offset curves of the cutter motion, the profile of each rectangular hole matches well the corresponding motion trajectory, which consists of the first half and the last half revolution.
Spindle of MC Workpiece
For the other motion conditions, the same results are also confirmed. Because of the stipulation of the ISO 230-1:1996 and the high accuracy of the roundness measuring machine and the coordinate measuring machine for form measurement of feature, the measurement results of both machined features of the workpiece can be considered equivalent to the motion trajectories [17] . Therefore, it can be concluded that the measurement results with the improved device are sufficiently accurate and reliable.
Conclusions
The following conclusions can be drawn based on the experiment results and discussions: 1) In order to improve the performance for measuring small size motion trajectories of a MC with a high feed rate, effective improvements have been performed on the LM device while maintaining the advantages of the device. Experimental results with the improved device, especially comparing the measured motion trajectories with the profiles of the machined workpiece, have sufficiently confirmed the features of very good response to small displacements close to the device resolution, high precision, repeatability and reliability.
2) The proposed set-up method is very effective and efficient for measuring motion trajectories located on the vertical planes. Little influence from the gravity distribution due to different linkage postures of the device has been observed in the measurement results.
3) Based on the measurement results for a number of trajectories under a wide range of motion conditions, it has been systematically verified that the motion accuracy of the MC tested rapidly deteriorates with the decrease of the movement size and the increase of the feed rate specified by the NC program in both circular arc and linear segment interpolation motions. This is due to the lack of the servo capacity of the MC for the interpolation motion within a small area. When an excessive feed rate with respect to the motion size is specified, the movement between related servo axes goes out of the required interpolation rule, and furthermore the movement is separated into the independent movement of each axis which is individually performed in turn. As a result, it can be concluded that the improvement with the LM device is very successful for the purpose. Moreover, the outcomes obtained from the case study on the trajectory error characteristics of small size motions provide a systematic basis for further research on the contouring manufacture accuracy with machining centres.
